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Measurements u s i n g  i n f r a r e d  s c a n n e r s  were made of t h e  r a d i a t i o n  f r o m  
exhaus t  c louds  f rom l iqu id-  and  so l id-propel lan t  rocke t  boos te rs  launched  f rom 
t h e  John F. Kennedy Space  Center.   Field  measurements  from  four  launches are 
d i s c u s s e d  i n  t h i s  report .   These  measurements were i n t e n d e d  t o  e x p l o r e  t h e  phys- 
ical  and  thermodynamic p r o p e r t i e s  o f  these exhaus t  c louds  dur ing  their  formation 
and   subsequen t   d i spe r s ion .   In   pa r t i cu la r ,   i n fo rma t ion  was obtained  concerning 
the i n i t i a l  c l o u d ' s  b u o y a n c y ,  t h e  s t a b i l i z e d  c l o u d ' s  s h a p e  and t r a j e c t o r y ,  t h e  
cloud volume as a f u n c t i o n  o f  time, and i t ' s  i n i t i a l  and s tab i l ized  tempera-  
t u r e s .  D i f f e r e n c e s  i n  r a d i a t i o n  i n t e n s i t i e s  a t  various  wavelengths  from  ambient 
and s t ab i l i zed  exhaus t  c louds  were i n v e s t i g a t e d  as  a method o f  d i s t i n g u i s h i n g  
between  the two types  o f  c louds .  The inf ra red   remote   sens ing  method  used i n  
t h i s  study can be used a t  n i g h t  when v i s i b l e  r a n g e  cameras are inadequate .  
In f r a red  scann ing  t echn iques  deve loped  in  th i s  p ro jec t  can  be a p p l i e d  d i r e c t l y  
t o  n a t u r a l  c l o u d s ,  c l o u d s  c o n t a i n i n g  c e r t a i n  r a d i o n u c l i d e s ,  o r  c louds of  indus-  
t r i a l  p o l l u t i o n .  
INTRODUCTION 
The launching of  a s o l i d -  or l i qu id -p rope l l an t  rocke t  creates a plume of  
h o t  e x h a u s t  e f f l u e n t s  which conta ins  such  ha rmfu l  s p e c i e s  as hydrogen chlor ide,  
n i t r i c   o x i d e ,   a n d   c a r b o n  monoxide. (See refs. 1 and 2 . )  These h o t   e f f l u e n t s  
rise because  of  buoyancy  forces.   Sometimes  the  products are t rapped a t  t h e  
loca l  invers ion  layer  and  somet imes  they  rise u n t i l  r e a c h i n g  h y d r o s t a t i c  e q u i -  
l i b r i u m  w i t h  t h e  a tmosphere .  In  both  cases, the  e f f l u e n t s  form a s t a b i l i z e d  
exhaust  c loud.  
To eva lua te  the  envi ronmenta l  effects  o f  rocke t  mo to r  ope ra t ions  in  the  t ro -  
posphere,  NASA Langley Research Center h a s  s t u d i e d  t h e  behavior  of  these  exhaus t  
products   under   the  Launch Vehicle Eff luents   p rogram.   (See   re fs .  3 t o  6 . )  These 
measurements  have shown t h a t  wind  can t r anspor t  t he  exhaus t  c loud  fo r  d i s t ances  
up t o  50 km with in  a few hours.   Consequently,  i t  is n e c e s s a r y  t o  t r a c k  t h e  
exhaust  c loud until d i s s o l u t i o n  t o  d e t e r m i n e  t h e  effects of  t h e  exhaust  products .  
For a comple te  unders tanding  of  the  d ispers ion  of  t h e  e f f l u e n t s  from a 
s t ab i l i zed   exhaus t   c loud ,  i t  is i m p o r t a n t  t o  know t h e  c l o u d ' s  t r a j e c t o r y .  S i n c e  
t h e  d i s p e r s i o n  o f  t h e  e f f l u e n t s  is a l s o  affected by the growth of  the exhaust  
c loud ,  it is h e l p f u l  t o  know t h e  cloud 's  volume,  downwind growth ra te ,  c ros s -  
wind growth ra te ,  and height growth rate. Under adverse  weather cond i t ions ,  
such as haze,  and during night t ime,  when o rd ina ry  v i sua l  obse rva t ions  canno t  be 
made, it is impor t an t  t o  be able t o  o b t a i n  i n f o r m a t i o n  a b o u t  t h e  c loud .  Inf ra -  
red ( I R )  scanners  can be used  to  de te rmine  the c l o u d ' s  t r a j e c t o r y  a n d  p h y s i c a l  
dimensions under  adverse weather  and l ight ing condi t ions.  
I R  s c a n n e r s  c a n  a l s o  be  u s e d  t o  s t u d y  o t h e r  p r o p e r t i e s  o f  t h e  e x h a u s t  
cloud such as temperature  as a f u n c t i o n  o f  c l o u d  a l t i t u d e .  The a b i l i t y  o f  t h e  
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I R  s canne r  to  measu re  t empera tu re  g rad ien t s  a l lows  t h e  s t r eng th  o f  t he  buoyan t  
f o r c e s  t o  be determined. If the e f f l u e n t  c l o u d  is extremely  buoyant,  i t  would 
be expected t h a t  some f r a c t i o n  o f  the  e f f l u e n t s  would p e n e t r a t e  a n y  l o c a l  i n v e r -  
s i o n  l a y e r  a n d  d i s p e r s e  i n  t he  upper  atmosphere. On the  o the r  hand ,  if t h e  
gases cool  very  quick ly ,  a lmost  a l l  o f  t h e  e f f l u e n t s  would remain trapped below 
t h e  l a y e r  f o r  l o n g  p e r i o d s  o f  time. 
I n  a v isua l  range  photograph ,  there is no e a s i l y  d i s c e r n i b l e  d i f f e r e n c e  i n  
appearance between an exhaust cloud and an ambient cloud. A method of  qu ick ly  
d i s t i n g u i s h i n g ,  a t  least i n  a rough way, between an exhaust cloud and an ambient 
c loud is a l s o  desirable.  I R  scanners   can   measure   t empera ture   d i f fe rences  
between a cloud and its surroundings,  and by means of band-pass f i l ters,  they  
can detect s p e c t r a l  characterist ics of   c louds .  These p r o p e r t i e s  c a n  p o s s i b l y  
be u s e d  t o  d i s t i n g u i s h  between the  two types  o f  c louds .  
I n  t h i s  i n v e s t i g a t i o n ,  a set  of  commerc ia l ly  ava i lab le  I R  scanning radiom- 
eters were used t o  make exhaust  c loud measurements  during four  rocket  launches 
a t  t h e  John F. Kennedy Space  Center. These rad iometers  were s e n s i t i v e  t o  radi- 
a t i o n  emitted a t  wavelengths  between 3 and 5.6 lm. I n  a d d i t i o n ,  a n o t h e r  s c a n -  
n ing  rad iometer  whose p e a k  s e n s i t i v i t y  was a t  wavelengths between 8 and 1 4  pm 
was used.  This  r e p o r t  d e s c r i b e s  t he  instrumentat ion  used  and t h e  r e s u l t s  
obtained from the f o u r  sets o f  f i e l d  data. 
Certain commercial  instruments  are i d e n t i f i e d  i n  t h i s  r e p o r t  i n  o r d e r  t o  
spec i fy  adequa te ly  which ins t ruments  were used  in  t h e  research e f f o r t .  I n  no 
case does such ident i f icat ion imply recommendat ion or endorsement of t he  product 
by N A S A ,  nor does i t  imply t h a t  these ins t ruments  are t h e  only ones or t h e  b e s t  
o n e s  a v a i l a b l e  f o r  t h e  purpose .   Equiva len t   ins t ruments  are a v a i l a b l e  and  would 
p robab ly  p roduce  equ iva len t  r e su l t s .  
SYMBOLS 
T a  ambient  temperature,  K 
Tplume temperature  of  xhaust  plume, K 
t time of  launch 
E emi t tance  
Abbreviat ions:  
CRT cathode ray   tube
I R  i n f r a r e d  
LC launch  complex
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INSTRUMENTATION 
Inf rared  Scanners  
When a target o f  i n t e r e s t  is warmer than i ts  surroundings and its emi t tance  
is large enough so tha t  it emits more thermal r a d i a t i o n  t h a n  its sur roundings ,  
i t  can be monitored w i t h  a n  i n f r a r e d  ( I R )  dev ice .  I R  s canne r s ,  or cameras, u t i -  
l i z e  a set  o f  p r i m a r y  o p t i c s  t o  c a p t u r e  the  r a d i a t i o n ,  a set of  moving o p t i c s  
( r o t a t i n g  p r i s m s  i n  t h i s  case) t o  c o l l e c t  t h e  rad ia t ion  f rom a p a r t i c u l a r  p o r -  
t i o n   o f  the  target f i e l d ,   t r a n s f e r   o p t i c s ,   a n d  a d e t e c t o r .  (See f i g .  1 . )  The 
I R  d e t e c t o r  s e n s e s  the  r a d i a t i o n  and produces an output which can then be ampli- 
f i e d .  The ro ta t ing   p r i sms   produce  a p u l s e   f o r  each r o t a t i o n .  These p u l s e s ,   i n  
conjunct ion  w i t h  t he  d e t e c t o r  o u t p u t ,  are then used to  p roduce  a t e l e v i s i o n -  
l i k e  image on an  osc i l loscope  ca thode  ray  tube  (CRT) .  
I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  I R  scanners  w i t h  photovoltaic indium antimo- 
n i d e  d e t e c t o r s  were pr imar i ly   used .  The s p e c t r a l  s e n s i t i v i t y  r a n g e  o f  these 
d e t e c t o r s  is 2 t o  5.6 urn. The l e n s e s  used degraded the  o v e r a l l  s e n s i t i v i t y  t o  
3 t o  5.6 urn. The f i e l d  o f  v i e w  o f  each camera varied depending on which o f  
s e v e r a l  l e n s e s  was u s e d .   I n  most ca ses ,  a 25O by 25 f i e l d  was employed, 
a l though for long-d is tance  observa t ions  an  80 by 80 f i e ld  was used. The n o i s e  
equiva len t  tempera ture  of  t he  scanner  is 0.2O C f o r  a blackbody (a p e r f e c t  emit- 
t e r )  a t  30° C .  The image of the e m i t t i n g  o b j e c t  is formed a t  a rate of  16 frames 
per second. T h i s  scanner can accept as many a s  8 f i l ters  for  band-pass  mea- 
surements.  The camera a n d  s u p p o r t i n g  e l e c t r o n i c s  are the AGA Thermovision 
System 680. 
I n  a d d i t i o n  t o  t h e  AGA scanne r s ,  a Bofors  I R  scanning radiometer  was a l s o  
used.  T h i s  uni t   employs  an  ant imony-t in- te l lur ide  detector   which has i ts  peak 
s e n s i t i v i t y  a t  wavelengths  between 8 and 14  pm. The f i e l d  of  view  of t h i s  
instrument  is 25O i n  t he  h o r i z o n t a l  d i r e c t i o n  b u t  o n l y  12.5O i n  t h e  v e r t i c a l  
direct ion.  Although the frame rate  of  5 per  second is much s lower than t h e  AGA 
cameras, the Bofors  camera is p a r t i c u l a r l y  u s e f u l  b e c a u s e  its spectral  s e n s i t i v -  
i t y  r a n g e  is d i f f e r e n t  f r o m  t h a t  of  t h e  AGA u n i t s .  
I n  o r d e r  t o  o b t a i n  a p rope r  exhaus t  c loud  t r a j ec to ry ,  t h e  pos i t i on  o f  t h e  
cen t ro id  a f  t h e  cloud as a func t ion  of time must  be determined. Three  scanners  
were u s u a l l y  used t o  track the cloud from three widely separated l o c a t i o n s .  
Azimuth  and e leva t ion  informat ion  f rom each  scanner  was obtained by mounting 
t h e  camera on a t r i p o d  o u t f i t t e d  w i t h  p o t e n t i o m e t e r s  whose vol tages  provided  
p o s i t i o n  data.  Whenever a v a i l a b l e ,  a special t r ack ing   un i t   (Askan ia   c ine theo-  
d o l i t e )  , shown i n  f i g u r e  2 ,  was used ( re f .  7 ) .  
F i l t e r s  
I n  the  course of  t h i s  i n v e s t i g a t i o n ,  s e v e r a l  f i l ters were employed w i t h  t he  
AGA cameras. One type  was a large glass f i l t e r  which was he ld  over t h e  l e n s  o f  
t h e  camera. T h i s  f i l t e r  hea ted  in  ho t  weather, so t h a t  i n t e r p r e t a t i o n  o f  data 
taken with i t  was d i f f i c u l t .  A more sa t i s f ac to ry  a r r angemen t  cons i s t ed  of mount- 
ing several  1.27-cm-diameter f i l ters on a ho lde r  wheel i n s i d e  t h e  housing of  t h e  
camera. The holder  wheel could be r o t a t e d  t o  b r i n g  the  desired f i l t e r  i n t o  t h e  
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camera's  field  of  view.  These  filters  are  not as sensitive  to  ambient  tempera- 
ture  because  of  their  proximity  to  a  liquid  nitrogen  Dewar  used  to  cool  the 
indium  antimonide  detector. 
Two  broad-band (4.8 pm  cut-on  and  3.5  pm  cut-on)  and  two  narrow-band  (3.5 
to 3.7 pm and  3.65  to  3.85 pm)  filters  were  used.  The  broad-band  transmission 
as a  function  of  wavelength  is  given in figure 3 .  The  narrow-band  filters 
caused  excessively  small  and  noisy  readings  and so these  were  not  useful. 
Data  Display  and  Recording 
The  data  were  displayed  on  a  CRT  by  two  different  methods  to  facilitate 
analysis.  The  first  method  used  a  gray  scale  with  white  representing  the  most 
intense  signal  and  black  the  least  intense.  This  type  of  display  was  most  use- 
ful  for  obtaining  cloud  shape.  The 8 to 14 pm IR scanner  had  only  a  gray  scale 
display.  The  second  method  of  display  divided  the  video  signal  into 10 discrete 
voltage  levels.  Each  level  was  assigned  a  color, so that  the  intensity  levels 
were  color  coded.  This  type  of  display  was  appropriate  for  temperature  and  rela- 
tive  intensity  measurements. 
An  additional  instrument  used  in  conjunction  with  the  display  units  was  the 
AGA  profile  adapter.  With  this  instrument,  the  operator  could  select  a  specific 
scan  line  at  any  location  across  the  image,  and  a  plot  of  the  radiant  intensity 
as  a  function  of  position  along  this  line  was  displayed  on  a  separate 
oscilloscope. 
Data  were  recorded  by  several  means.  Polaroid  photographs  were  taken of 
the  CRT  screens  during  tracking. In  some  measurements,  a  video  tape  recording 
of  the  gray  scale  screen  was  also  made  which  provides  a  more  complete  time  his- 
tory  of  cloud  formation,  growth,  and  dimensions.  In  addition,  an FM, 80-kHz- 
bandwidth,  wide-band  recording  of  the  actual  signals  coming  from  one  of  the 
scanner  heads  was  obtained.  This  recording  is  particularly  valuable  since  the 
signals  can  be  played  back  and  analyzed  with  high-speed  computers. In  this  way, 
spatially  resolved  intensity  levels  can  be  obtained. 
FIELD  MEASUREMENTS 
Field  measurements  were  made  of'the  radiation  from  four  rocket  exhaust 
plumes  and  clouds  at  John  F.  Kennedy  Space  Center  from  May  1975  to  March 1976. 
Table I lists  the  four  launches.  These  launches  occurred in different  weather 
and  sunlight  conditions.  Launch  vehicles  included  two  Titan III1s, a  Delta, 
and  an  Atlas.  The  Titan  motor's  first  stage  uses  a  solid  propellant,  and  its 
exhaust  contains  aluminum  oxide  particles,  hydrogen  chloride,  and  other  combus- 
tion  products  (e.g., CO, C02, and  H20).  The  Atlas  uses  a  liquid  propellant 
with  exhaust  containing  water  and  carbon  compounds.  The  Delta  has  a  liquid- 
propellant  main  motor  with  nine  "strapped  on"  solid-propellant  boosters.. 
Whenever  possible,  .three  cameras  at  widely  separated  locations  were  used 
to  get  different  views  of  the  cloud.  Table I lists  the  instruments  and  their 
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locations,  and  figure 4 is  a  map  of  the  area  showing  the  locations  mentioned 
in  the  table. 
RESULTS  AND  DISCUSSION 
Visible  and  Infrared  Cloud  Shapes 
As shown  in  table I, two of the  measurement  sets  were  taken  in  daylight 
conditions.  Under  these  conditions,  the  plume  and  cloud  shapes  were  photo- 
graphed  with  visible  range  cameras.  Simultaneously,  the  CRT  screens  of  the 
infrared  equipment  were  photographed. 
Figure  5  shows  photographs  of  visible  and IR cloud  shapes  taken in daytime 
on  May 22, 1975.  The  photograph in  figure 5(a) is  the  cloud  shape from'the 3 
to 5.6 vm IR scanner.  This  exhaust  cloud,  emitted  from  an  Atlas  vehicle 
(liquid-propellant  engine),  consists  primarily  of  water  vapor  and  droplets, 
carbon  dioxide,  and  possibly  residual  carbon  particles. As can  be  seen  from 
the  figure,  the  shapes  of  the  cloud  in  the IR p otograph  and  in  the  visible 
range  photograph  are  similar.  All  other  photographs  of  this  cloud  from  the 
liquid-propellant  engine  show  these  similarities  between  the  visible  and 3 to 
5.6 pm IR radiation.  (Photographs  taken  from  the 8 to 14 Frm IR scanner  are 
not  available for this  launch.) 
Similar  results  were  obtained  from  the  first  stage  of  the  Titan  I11  which 
is  fueled  by  a  solid  propellant. Its major  afterburned  constituents  (refs. 1 
and 2)  include  hydrogen  chloride,  aluminum  particles,  and  carbon  dioxide.  Thus, 
the  resultant  exhaust  cloud  has  a  different  composition  from  that  of  the  Atlas 
cloud.  Nevertheless,  the  similarities  in  size  and  shape of IR and  visual  images 
occur  here  also, as is  evident  from  figure 6. 
The  photographs  in  figure 6 were  taken  within 1 minute of each  other  at 
about  10:25  a.m.  local  time  on  May 20, 1975.  Although  the  field  of  view  of  the 
visible  range  camera  is  smaller  than  that  of  the 3 o 5.6 Frm scanning  radiome- 
ter,  the  cloud  subtends  the  same  total  angle  in  both  pictures.  The  general 
shapes  are  also  similar.  The  cloud  shape  from  the 8 to 14 Vm IR scanner  agrees 
with  that  from  the  visible  range  camera. 
The  obvious  inference  from  these  results  is  that  part  of  the  cloud's  radi- 
ant  transfer  properties  are  broad  band  and  the IR g ometrical  signature  is  the 
same as that  given  by  the  reflected  sunlight  from  the  cloud  in  the  visible  range 
During  night  launches  when  there  is  no  reflected  sunlight,  only  the IR geom tri- 
cal  results  are  available.  The  comparisons  made  in  this  section  support  the 
assertion  that  the  sizes  and  shapes  measured  by  the  infrared  equipment  are  the 
sizes  and  shapes  appropriate  to  the  cloud. 
Rapid  Cooling  of  Exhaust  Gases 
Measurements  made  during  all  of  these  launches  consistently  showed  that  the 
hot  exhaust  gases  cool  rapidly as they  travel  downstream  of  a  region  close  to 
the  nozzle  exit  plane.  Figure  7(a)  shows  a  plume in the  CRT  display of the 3 to 
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5.6 pm IR scanner.  The  vehicle is a  Titan I11 launched  from LC 40 at 8:26 p.m. 
on  March 14, 1976. This  measurement  was  made  at  t + 12 seconds.  The  intense 
white  region  at  the  top  of  the  screen is the  region  of  high-temperature  after- 
burning.  (See  ref. 1.) The  thinner  vertical  white  column  is  the  exhaust  plume, 
and  the  white  dot  appearing  at  the  bottom  of  the  plume is the steel  structure 
at  the  launch  pad  (still  hot  from  the  rocket's  flames).  The  field  of  view o r  
the  picture is 3480 m  wide by 3150 m  high. 
The  horizontal  white  line in figure 7(a) which  connects  sensitivity 
markers 2 and 100 indicates  the  scan  line  being  displayed  by  the  profile  adapter 
on the  oscilloscope  trace in figure 7(b). Ambient  level  signals  can  be  seen  at 
the  extreme  right  and  left  of  the  picture.  The  extreme  right  side is slightly 
higher  than  the  extreme  left  side  because  of an ambient  cloud  on  the  right.  The 
plume  radiation  appears  at  the  center  of  the  picture  and is e sily  distinguish- 
able  above  the  ambient  level  signals. 
From  oscilloscope  traces  like  figure 7(b), temperature  gradients  are  mea- 
sured, and  temperatures  are  determined  by  assuming  the  temperature  of  a  single 
point in the  scan  line  and  then  comparing  the  intensity  levels  of  all  other 
points  in  the  line  with  this  chosen  point.  The  comparison  is  made  by  using  cal- 
ibration  curves  like  those  found  in  reference 8. In  the  calculation  of  the  tem- 
perature,  the  emittance  of  the  initial  plume, 0.1  was  taken  from  reference 9. 
Atmospheric  attenuation  has  been  accounted  for by using  reference 10. 
The  center  line  temperature  of  the  plume in figure  7(a)  was  calculated by 
the  method  just  discussed  and  is  shown  at  various  altitudes  in  figure 8. The 
altitude  of  the  vehicle  was  roughly  between 2500 and 3000 m  at  the  time  that 
figure  7(a)  was  photographed. A typical  inversion  height  of 1500 m is  indi- 
cated in figure 8. It  is  seen  that  within  several  seconds  after  launch,  the 
temperatures  within  the  plume  below  the  inversion  layer  rapidly  dropped  well 
below  the  exit  plane  temperature  of 2000 K. Rapid  cooling  of  the  gases  has 
important  physical  consequences  for  the  plume  rise  which  has  been  observed  to 
continue  for  a  few  minutes. 
Plume  Rise 
Although  plume  gases  cool  quickly  from  their  peak  afterburning  tempera- 
tures,  they  still  remain  warmer  than  their  surroundings.  This  temperature  gra- 
dient  causes  a  net  upward  convective  current  and  the  phenomenon  of  plume  rise. 
Plume  rises  from  rocket  launches  are  complicated by the  formation  of  a  charac- 
teristic  ring  of  gases  at  the  base  of  the  rocket  plume.  This  ring  is  caused  in 
part  by  the  so-called  flame  trench  and  by  the  buoyant  forces  of  the  gases. 
A flame  trench  is  an  open  trench  about 20 m  deep  reinforced  by  concrete. 
It begins  under  the  launch  pad  and  extends  for  approximately  a  hundred  meters. 
This  pit  is  sprayed  with  large  amounts  of  water  during  an  actual  firing.  The 
water  cools  the  hot  gases  near  the  pad  and  helps  prevent  fire  damage  to the pad 
structure. As a  result,  the  gases  are  channeled  in  a  specific  direction  away 
from  the  pad.  At  the  end  of  the  trench,  these  gases  are  released,  much  like  a 
horizontal  smoke  stack.  Thus,  not  only  is  there'a  vertical  plume  but  a  smaller 
"horizontal  plume"  as  well.  When  the  horizontal'plume  rises  and  meets  the  ver- 
As the  effluents  travel  far  downstream  of  the  nozzle  exit  plane,  they 
slow  down  and  the  density of the  plume  increases.  (See  refs. 1 and 2 . )  This 
increase  in  effluent  density  tends  to  increase  the  effective  emissivity  of  the 
plume. Thus,  while  the  plume's  emissivity  near  the  nozzle  exit  plane is on  the 
order  of 0.1, it  is  higher  during  plume  rise. As shown  subsequently,  the  emit- 
tance  of  the  stabilized  cloud is expected  to  be  near 1 ,  so that a reasonable 
value  for  emittance  during  plume  rise  is  about 0.5. With  this  in  mind,  typi- 
cal  temperatures  of  the  effluents  during  plume  rise  are  examined  in  figure IO. 
These  measurements  were  taken  during  the  Titan  launch  on  May 20, 1975. If  a 
value  of 0.5 is  assumed  for  emittance,  each  vertical  unit  in  figure 10(b) rep- 
resents 6 K. Thus,  the  gases  shown  in  the  profile  in  figure 10(b) are  roughly 
7 to 9 K above  ambient  temperature. 
Although  wind  conditions  dominate  the  behavior  of  the  stabilized  exhaust 
cloud,  buoyancy  forces.dominate  the  initial  plume  rise.  The  Titan  launch, o  
May 20, 1975, was  made  during  an  extremely  calm  day  with  light  surface winds; 
the  Titan  launch  on  March 14, 1976, was  made  in  heavy  surface  winds.  Measure- 
ments  taken  during  the  two  launches  with  the  same IR scanner  from  the  same 
observation  site  revealed  nearly  identical  behavior  of  the  gases  during  early 
plume  rise  in  spite  of  the  fact  that  subsequent  behavior  differed  greatly. 
Once  the  ring-shaped  plume  has  formed,  it  rises  to  the  stabilization  alti- 
tude.  Since  the  temperatures  of  the  gases  during  plume  rise  are  within 10 K 
of  ambient  temperature  (fig. Il(b)), the  rise  is  leisurely  taking  minutes  to 
complete.  The  buoyancy  is  not  sufficient  to  allow  the  cloud  to  penetrate  any 
fairly  strong  inversion  layer;  if  there is an  inversion  layer,  it  will  be 
largely  trapped.  Since  the  plume  rises  for  several  minutes,  any  wind  shears 
below  the  inversion  layer  can  break  the  cloud  into  more  than  one  piece.  This 
phenomenon  of  multiple  clouds  is  commonly  observed;  one  case  (March 14, 1976) 
is  discussed in this  study. 
Radiative  Properties  of  Stabilized  Exhaust  Clouds 
There  are  two  primary  sources of the  radiant  energy  emanating  from  the  sta- 
bilized  cloud  that is  being  measured  by  the  infrared  equipment.  These  sources 
are  solar  radiation  being  reflected  by  the  cloud  and  heat  radiation  being  pro- 
duced  by  the  warm  gases.  To  determine  the  relative  strengths  of  these  two 
sources  of  energy,  the  radiant  intensity  from  a  cloud  of  a  Titan I11 taken  dur- 
ing  bright  daylight  was  compared  with  that  of  a  cloud  from  another  Titan I11
launched  from  the  same  pad  at  night. The.daylight  measurement  was  taken  on 
May 20, 1975,  and  the  night  measurement on March 14, 1976. Detailed  meteoro- 
logical  information  of  the  type  found i  reference 1 1  is available  for  both 
launches  and  shows  that  the  radiative  properties  of  the  atmosphere  in  the  two 
cases  were  not  significantly  different.  During  these two measurements,  the 
instruments  were  set  at  high  sensitivities. If the  cloud  were  an  efficient 
reflector  of  sunlight  between 3 and  5.6 pm, a  large  rise in intensity  would 
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have  been  observed  between  the  daylight  and  nighttime  cases.  Such a rise  was 
not  observed. 
Stabilized  exhaust  clouds  were  consistently  observed  to  block  out  all  radi- 
ation  from  objects  that  were  behind  them in  relation  to  the  camera. It is 
inferred  from  this  observation  that  the  cloud is optically  thick  and  hence,  that 
transmission  through  the  cloud  is  assumed  to  be  small.  Therefore,  since  reflec- 
tion  and  transmission  have  been  ruled  out,  the  primary  radiative  phenomenon 
occurring  in  the  stabilized  cloud  must  be  absorption.  Since  the  stabilized 
cloud  must  be  close  to  thermal  equilibrium  with s  surroundings,  the  emittance 
value  used  in  calculating  temperature  of  the  stabilized  cloud  is  taken  to  be 
close  to 1. 
Temperatures  of  the  stabilized  exhaust  clouds  from  the  four  launches  were 
calculated  from  data  from  the 3 to 5.6 pm IR scanner.  The  stabilized  cloud  from 
the  Titan  launch  on  May 20,  1975, ranged  from 2 to 4 K above  ambient  temperature 
with  an  average  signal  of 3.2 K above  ambient.  The  cloud  from  the  night  launch 
of  the  Titan  on  March 14, 1976, emitted  at  a  level  corresponding  to  between 1.4
and 2.6 K above  ambient  temperature  with  an  average  signal  of 1.8 K. In  spite 
of  the  fact  that  the  composition  of  exhaust  clouds  from  the  Delta,  Atlas,  and 
Titan  launches  differs,  the  radiance  levels  of  these  clouds  generally  agreed. 
That is, the  radiance  from  the  Delta  cloud  (night  launch)  resulted  in  tempera- 
tures  between 1.4 and 2.7 K above  ambient,  and  the  radiance  from  the  Atlas  cloud 
(moderate  sunlight)  resulted  in  temperatures  between 3 a d 4 K above  ambient. 
Note  that  the  daytime  radiation  intensities  are  slightly  higher  because  of  some 
reflected  sunlight. 
A fortunate  incident  occurred  during  the  measurements  taken  of  the  Titan 
launch  on  March 14, 1976. An  ambient  cloud  was  in  the  same  field  of  view  as 
the  exhaust  cloud, so that  simultaneous  measurements  of  the  intensities  and 
spectra  of  radiation  from  natural  and  pollutant  clouds  were  possible.  The  ambi- 
ent  cloud  displayed a  higher  radiation  level  than  the  plume 1 inute  after 
launch. As the  plume  formed  a  cloud  and  became  optically  thicker  with  the  warm 
gases  rising  to  a  stabilization  level,  however,  the  radiant  intensity  of  the 
exhaust  cloud  and  natural  cloud  became  roughly  equal. For example,  according  to 
measurements  taken 4 minutes  after  launch  with  the 3 to 5.6 pm  scanner,  the  sta- 
bilized  exhaust  cloud  and  ambient  cloud  were  equally  radiant,  approximately 
1.4 K above  ambient  temperature  (fig. 11). Thus,  temperature  differences  cannot 
be  reliably  used  to  distinguish  between  ambient  and  stabilized  exhaust  clouds. 
Possible  differences  between  the  emission  spectra  of  the  ambient  cloud  and 
of  the  Titan I11 exhaust  cloud  were  investigated.  Simultaneous  measurements 
were  taken  at 8:29 p.m.  local  time  with  the 3 to 5.6 pm scanner. A measurement 
was  made  with  no  filter,  and  then  a  second  measurement  was  taken  with  the  4.8-pm 
cut-on  filter.  The  ratio  of  unfiltered  radiation  intensity  (above  background 
intensity)  of  the  exhaust  cloud  to  that  of  the  ambient  cloud  was  about 20:19 in 
the 3 to 5.6 pm  band;  however,  with  the  4.8-pm  filter  this  ratio  was  approxi- 
mately 2:l. This  indicates  a  possible  prevalence  of  long-wavelength  radiation 
from  the  exhaust  cloud. 
A similar  measurement  was  carried  out  with  the 3.5-pm cut-on  filter.  With 
this  filter,  the  radiation  intensities  from  the  natural  and  exhaust  clouds 
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remained roughly equal although the f i l t e r  s l i g h t l y  r e d u c e d  b o t h  i n t e n s i t i e s .  
S i n c e  t h e  u n f i l t e r e d  r a d i a t i o n  i n t e n s i t i e s  f r o m  b o t h  c l o u d s  are approximately 
equal  and wi th  the 4.8-pm f i l t e r  the  in t ens i ty  f rom the  exhaus t  c loud  is  twice 
t h a t  from the ambient cloud, the ambient cloud is e m i t t i n g  more r a d i a t i o n  
between 3.5 and 4.8 pm than t h e  exhaust cloud because of t h e  composi t ional  d i f -  
ferences between the. two clouds.  
Cloud Trajectory and Geometry 
One o f  t he  most v a i u a b l e  a s p e c t s  o f  t he  t e c h n i q u e s  d i s c u s s e d  i n  t h i s  r e p o r t  
was t h e  a b i l i t y  t o  t r a c k  and describe the  shape of  exhaust  c louds a t  n i g h t .  
Cloud t r a j e c t o r y  and  geometry f o r  t he  Delta launch on  August 26, 1975, and for 
the  Ti tan launch on  March 14,  1976, are d i s c u s s e d  i n  t h i s  s e c t i o n .  
Delta l a u n c h . -  I n  f i g u r e  1 2 ,  t h e  t r a j e c t o r y  o f  t h e  Delta exhaus t  c loud  
pro jec ted  a long  t h e  ground is p lo t t ed ,  and  tab le  I1 g i v e s  t h e  c l o u d ' s  a l t i t u d e  
as a func t ion  of  time. Detailed wind soundings were no t  made dur ing  the  launch .  
However,  from movement of ambient clouds (observed from t h e  launch pad l i g h t e d  
by searchlights) and  from the t ra jec tory  of  the  ground c loud  i t s e l f ,  a uniform 
wind f i e l d ,  i n d i c a t e d  i n  f i g u r e  1 2 ,  was assumed. F igure  13 g ives   c loud   shapes  
f o r  v a r i o u s  times which were obtained from the scanner  a t  the  so -ca l l ed  JPL 
s i t e .  These cloud  shapes show the development  of t h e  cloud.  
I n  tab le  111, the c loud ' s  d imens ions  in  downwind and  crosswind  d i rec t ions  
are given.  L i s t e d  i n  the  table are two different   measures   of   c loud  dimension,  
largest h o r i z o n t a l  w i d t h  and o v e r a l l  w id th .  The meaning  of these two terms i s  
i l l u s t r a t e d  i n  t h e  f o l l o w i n g  sketch: 
1 C1 oud h e i g h t  
The v a l u e s  g i v e n  i n  table  I11 are the averages of the measurements from the d i f -  
f e r e n t  sites. The devia t ion   f rom the average i s  a l s o   g i v e n .  Table I V  g i v e s   t h e  
c loud ' s  he igh t  as a func t ion  o f  time. Again, t h e  va lues  are averages  of  read- 
ings  f rom the s i tes .  
Table V g i v e s  t h e  volume of  the exhaust  c loud as  a func t ion  o f  time. The 
cloud volume inc ludes  on ly  the gases tha t  h a v e  c o l l e c t e d  i n t o  t h e  compact shapes 
shown i n  f i g u r e  13. That  is ,  t h e  volume does   no t   i nc lude   t he   s epa ra t e   cy l inde r s  
of plume gases a t  h i g h e r  a l t i t u d e s .  The volume c a l c u l a t i o n  was made from  photo- 
graphs  of t h e  CRT screen d isp lay ing  the  c loud .  Photographs  f rom two si tes were 
used. The sites were chosen so  t h a t  l i n e s  from them t o  the c loud  cen t ro id  
formed, as c l o s e l y  as  p o s s i b l e ,  a r i g h t  a n g l e .  The cloud was t h e n  d i v i d e d  i n t o  
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h o r i z o n t a l  e l l i p t i c a l  slabs wi th  the  major  and  minor  ax is  of  the  e l l ipse  deter- 
mined  from t h e  two photographs.  The e l l i p t i c a l  s l a b s  were then  summed o v e r  t h e  
he ight  of  the  c loud  and  the  volume was determined. 
Ti tan launch.-  The c loud  f rom the  T i t an  l aunch  on  March 14, 1976, was 
formed i n  t h e  p r e s e n c e  o f  a s t r o n g  wind which contained a t  least two d i f f e r e n t  
s h e a r  l a y e r s  a t  t h e  a l t i t u d e s  o f  c o n c e r n  f o r  a ground  cloud. The c l o u d  s p l i t  
i n t o  two p i e c e s  after approximately 3 minutes .   Figure  14  presents   the trajec- 
t o r i e s  o f  t h e s e  c l o u d s ,  a n d  table V I  g i v e s  t h e i r  a l t i t u d e .  The lower  cloud 
d r i f t e d  rapidly  southward  and  dispersed af ter  roughly 10 minutes.  The larger, 
more stable cloud maintained a h igher  e leva t ion  and  dr i f ted  s lowly  nor thward .  
The no r th  c loud  s t ayed  in  a cigar-like shape which subsequently became 
very long and narrow, as shown i n  table V I 1  which presents cloud dimensions.  
Because of  the cloud 's  large e x t e n t ,  no  two rad iometers  were able t o  get a view 
a t  r i g h t  a n g l e s  t o  e a c h  o t h e r .  T h u s ,  w h i l e  t h e  c l o u d  s h a p e s  are well def ined  
and corroborated by t h e  d i f f e r e n t  s i t e s ,  t h e  d e p t h  o f  t h e  c l o u d  i n  a north-  
s o u t h  d i r e c t i o n  was not   ob ta ined  by t h e  I R  i n s t rumen t s .  Fo r tuna te ly ,  an  in s t ru -  
mented a i rcraf t1  made some p e n e t r a t i o n  t h r o u g h  t h e  c l o u d  i n  a north-south direc- 
t i o n  and f u r n i s h e d  t h i s  las t  dimension. A reasonable  estimate o f  t h e  volume was 
made by m u l t i p l y i n g  t h e  c r o s s - s e c t i o n a l  area of  the  c loud  by the depth measured 
by t h e  a i rcraf t .  T h i s  volume is  p r e s e n t e d  i n  table V I I I .  
CONCLUDING REMARKS 
Measurements w i t h  i n f r a r e d  ( I R )  scanners  of  rad ia t ion  f rom rocket  exhaus t  
c l o u d s  h a v e  r e s u l t e d  i n  a set  of  data w h i c h . i s  n o t  a v a i l a b l e  by o t h e r  means. 
S ince  c loud  shapes  obta ined  wi th  v is ib le  range  cameras and with I R  scanners  
agreed, it was concluded  tha t  rad ia t ion  f rom exhaus t  c louds  is broad band from 
t h e  v i s i b l e  r a n g e  t o  a t  least 14 pm. Thus,   c loud  t ra jectory  and  shape  can be 
de te rmined  f rom radia t ion  in  t h i s  wavelength  range. A t  n i g h t  when v i s i b l e  r a n g e  
cameras are unab le  to  track the exhaust  c loud,  I R  scanners  can  t rack  the  c loud  
and obtain  cloud  shape  and  dimensions.  Successful  measurements  for two n i g h t  
launches were d i s c u s s e d  i n  t h i s  r e p o r t .  
Temperature  gradients  measured wi th  I R  s c a n n e r s  i n d i c a t e  t h a t  r o c k e t  
exhaus t  p roduc t s  coo l  r ap id ly  after be ing  in t roduced  in to  the  a tmosphe re .  T h i s  
r a p i d  c o o l i n g  c a u s e s  t h e  e f f l u e n t s  t o  be t rapped below any s t rong inversion 
l a y e r  and causes t h e  plume t o  r i se  s lowly.  Wind s h e a r s  below t h e  i n v e r s i o n  
l aye r  can  b reak  the  s lowly  r i s ing  plume i n t o  m u l t i p l e  s t a b i l l z e d  c l o u d s .  T h i s  
phenomenon has been observed. 
Radia t ion  in tens i t ies  f rom an  ambient  c loud  and  f rom an  exhaus t  c loud  were 
measured  simultaneously  with a 3 t o  5.6 pm scanning  rad iometer .  After t h e  
e x h a u s t  c l o u d  s t a b i l i z e d ,  i t  could not  be dis t inguished from the ambient  c loud 
by the i r   t empera tu res .  However, t h e  r a d i a t i o n  i n t e n s i t i e s  from t h e  two c louds  
a t  var ious  wavelengths  differed. These  d i f f e rences  were probably  due  to com- 
IThis  a i rcraf t  i s  p a r t  o f  t h e  c o n t i n u i n g  Launch Veh ic l e  E f f luen t s  Program 
carried o u t  by the Langley Research Center ( ref .  2 ) .  
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positional  differences  between  the  clouds  and  might  be  used  to  distinguish 
between  the  two  types  of  clouds. 
, Langley Research Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
September 12, 1977 
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TABLE  I.-  INSTRUMENT  LOCATIONS  DURING  LAUNCHES 
r Launch Location  of instrument9 Date  and  time Visible  range 8 to 14 pm 3 to  5.6  pm 3 to  5.6  pm 
of  launch camera IR scanner IR scanner IR scanner 
with  filters 
- -~ 
Delta 17 Aug. 26, 1975 JPL"  site ucs-26 , I____-____ ucs-20 
9:43 p.m.  (dark) 
Atlas-Centaur 32 May 22, 1975 """"" IIJPL" site  I JPL"  site  aJPL1l  site 
6:04 p.m.  (dusk) 
Titan I11 40 May 20, 1975 """"" ' IrJPL1I site I1JPLI1 site I1JPLI1  site 
10:04 a.m.  (morning) 
Titan I11 49 Mar. 14, 1976 UCS-7  and  VAB  VAB 
8:26 p.m. (dark) llJPL1l site 
_____________.~- "" 
aSee  figure 4 for  map  showing  launch  complexes  and  instrument  locations. 
TABLE  11.-  ALTITUDE OF EXHAUST  CLOUD  FROM  DELTA  LAUNCH  ON  AUGUST 26, 1975 
















aError  in  altitude is approximately flOO m. 
bCloud  stabilizes  at  an  altitude of approximately 1000 m. 
TABLE 111.- HORIZONTAL DIMENSIONS  OF  EXHAUST CLOUD FROM DELTA LAUNCH 
J 
Time a f t e r  







ON AUGUST 26,  1975 




























aAverage of va lues  obta ined  a t  v a r i o u s  l o c a t i o n s ;  maximum 
bCloud is d i s p e r s i n g .  
devia t ion  of  *30 pe rcen t .  
TABLE 1 V . -  VERTICAL DIMENSION  OF  EXHAUST CLOUD FROM DELTA LAUNCH 
ON AUGUST 26 ,  1975 
. " 









Cloud h e i g h t ,  
m 








aAverage of values obtained a t  
v a r i o u s  l o c a t i o n s ,  d e v i a t i o n  w i t h i n  
f15 pe rcen t .  
bCloud is d i spe r s ing .  
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TABLE V.- VOLUME OF  EXHAUST CLOUD FROM DELTA LAUNCH ON AUGUST 26, 1975 
Time after launch ,  Cloud volume, 
min km3 









aError bounds are 230 pe rcen t .  
bCloud is d i s p e r s i n g .  
TABLE V I . -  ALTITUDE OF  EXHAUST  CLOUDS  FROM TITAN LAUNCH  ON MARCH 14, 1976 





1367 a15 I . .  
% l o u d  s t a b i l i z e s  a t  a l t i t u d e  of approximately 1400 m. 
(b) South cloud 





aCloud is d i spe r s ing .  
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TABLE VI1.- HORIZONTAL  DIMENSIONS  OF  NORTH  EXHAUST  CLOUD 
FROM  TITAN  LAUNCH  ON  MARCH 14, 1976 

























Overall  width,  m 

















aAverage of values  obtained  at  various  locations;  error  bounds  are 
f20  percent. 
TABLE VII1.- VOLUME  OF  NORTH  EXHAUST  CLOUD  FROM  TITAN  LAUNCH 
ON  MARCH 1 4 ,  1976 
Time  after  launch, 
min 
0.5 









. 2  
2.6 
4 .2  
5.7 
6 .5  I 
aError  bounds  are +30 percent. 
bVolume  steady  at 6.5 km3 for next 20 minutes. 
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Camera lens 16  rps  
F i l t e r   h o l d e r  
Dewar f l a s k  
Figure 1.- Schematic diagram 
Horizonta l  
scanning prism 
of IR scanner camera. 
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(b) 3.5-urn cut-on filter. 
Figure 3.- Broad-band transmittance  characteristics of cut-on filters. 
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Atlantic Ocean 
0 2 4 km 
L I I 
Figure 4.- Area map  showing  launch  complexes (LC) and instrument  locations. 
19 
( a >  Visible shape.  
( b )  I R  shape.  
F igu re  5.- Visible and infrared cloud shapes from Atlas launch on May 22, 1975. 
Taken from JPL s i te  a t  t + 5 min w i t h  3.0 t o  5.6 Vm IR scanner .  
20 
t 
( a >  Vis ib l e  shape a t  t + 19 min. 
(b) I R  shape a t  t + 20 min. 
F igure  6 .- Visible and I R  c loud shapes from Titan launch on May 20, 1975. 
Taken from JPL s i t e  wi th  3.0 t o  5.6 Llm I R  scanner .  
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-3486 m h x- 
(a) Rocket plume. 
(b) Intensity  analysis  along  white  marker in  figure "(a). E = 0.1. 
Figure 7.- IR radiation  intensity from cloud  from  Titan  launch on 
March 14, 1976. Taken  from VAB site.at t + 12 sec  with 3 to 
5.6 pm IR scanner. 
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L H o t  pad structures 
Figure.8.-  Temperature  analysis of figure 7(a). 8 = 0.1. 
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(a) t + 20 sec. 
(b) t + 30 sec. (c) t + 40 sec. 
Figure 9.- Development of ring-shaped plume  during Titan launch on 
March 14, 1976. Taken from UCS-7 with 3 to 5.6 pm IR scanner., 
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I 
( a )  Rocket  plume. 
* 
(b) I n t e n s i t y  a n a l y s i s  a l o n g  white  marker i n  f i g u r e  1 0 ( a ) .  E = 0.5. 
Figure 10.-  I R  r a d i a t i o n  i n t e n s i t y  d u r i n g  plume rise af ter  Ti tan  launch  on 
May 20, 1975. Taken from JPL s i t e  a t  t + 20 sec wi th  3 t o  5.6 pm I R  
scanner .  
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( b )  I n t e n s i t y  a n a l y s i s  o f  w h i t e  m a r k e r  i n  f igure Il(a>. E: = 1. 
Figure  11.-  I R  r a d i a t i o n  i n t e n s i t y  f r o m  s t a b i l i z e d  e x h a u s t  c l o u d  a n d  n e a r b y  
atmospheric   c loud a f te r  T i t a n  launch  on March 1 4 ,  1976. Taken  from VAB 
s i te  a t  t + 4 min w i t h  3 t o  5.6 pm I R  scanner .  
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27 
( a >  t + 15 sec. 
I 
(b) t + 4 min. ( c )  t + 10 min. Plume is  d i s p e r s i n g .  
F igure  13.- Development of  exhaust cloud from Delta launch on  August 26, 1975. 
Cloud shapes taken from J P L  s i te  wi th  3 t o  5.6 pm I R  scanner.. 
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